Background: Creep-fatigue damage occurs under cyclic loading at elevated temperature. The existing creep-fatigue models have limited ability to cover the full combination of creep and fatigue behaviours, except with extensive prior empirical testing. Consequently, they cannot effectively and efficiently be used for early engineering design.
Introduction
Creep-fatigue failure results from the interaction of pure fatigue and creep, and is influenced by temperature, frequency and applied loading. The conventional strain-based creep-fatigue equations are quantitatively accurate in narrow areas of application, but suffer from poor ability to generalize to other materials and loading regimes. Consequently, those equations are ineffective and inefficient for engineering design. A recent development in the field is a unified formulation of creep-fatigue. The advantages of this unified creep-fatigue equation are that it accommodates the crucial parameters (temperature, frequency and loading), covers different materials, represents the full range of conditions from pure fatigue to pure creep and is economical in the testing regime to determine coefficients. This chapter describes the unified creep-fatigue equation and applies it to design. The theory can be applied to evaluate the fatigue capacity of candidate materials at the early stages of design.
Desirable characteristics of a creep-fatigue method for design
For the perspective of engineering design, the development of a creep-fatigue method should consider following four areas:
Unified characteristic
The unified characteristic is defined as the ability to predict fatigue life for multiple temperatures and cyclic times for multiple materials. In this case, the desirable formulation should accommodate all relevant variables (including temperature, cyclic time and applied loading), and should present small difference between predicted life and experimental result under multiple situations.
Integrated characteristic
The integrated characteristic refers to the ability to cover full range of conditions from purefatigue condition to pure-creep condition. In this case, the desirable formulation should have the ability to be transformed to the representations of pure fatigue and pure creep, and the transformed formulations should be consistent with the general understanding of fatigue and creep mechanisms.
Economy
A desirable engineering method for fatigue-life prediction should present good balance between accuracy and economy. The economy of this theory can be assessed by evaluating the life-prediction error with overall experimental cost. Generally, the higher sensitive a numerical formulation has, the more experimental data are needed and the poorer economy is presented.
Applicability to engineering design
An engineering-based creep-fatigue method should be effectively and efficiently applicable to practical design process, where an economical, convenient and accurate method is represented to engineers and designers. Such as, the creep-fatigue evaluation by using this formulation is applied to the initial stage of design to select material or optimize structure.
Overall, a desirable creep-fatigue formulation for engineering design should have unified and integrated characteristics, and present good economy and applicability to practical design.
Brief review of existing creep-fatigue models
Creep-fatigue behavior is generally influenced by temperature and frequency/cyclic time, wherein increasing temperature or decreasing frequency results in reduced fatigue capacity due to intensified creep damage. Normally, the existing creep-fatigue equations were derived from empirical data through curve fitting, and present the extension of the Coffin-Manson equation (Eq. (1)) [1, 2] :
where ∆ε p is the plastic amplitude, ε 0 f is the fatigue ductility coefficient, β is the fatigue ductility exponent and N f is the cycles to failure. The development of creep-fatigue model was firstly attempted by Coffin, who proposed the frequency-modified Coffin-Manson equation (Eq. (2)) [3] :
Àβ 0 (2) where f is the frequency and k is a constant obtained from experiments and is given different values for different temperatures (temperature dependency is indirectly introduced). Then, through directly integrating with temperature dependence, the frequency-modified Coffin-Manson equation (Eq. (2)) was further developed to show the combined influence of temperature on creep-fatigue. For example, Solomon proposed a creep-fatigue equation (Eq. (3)) [4] for Sn40Pb solder:
where T is the temperature, β o = 0.5 and k is the constant and related to the frequency: k = À0.42 for 6 Â 10 À5 Hz ≤f ≤ 3 Â 10 À4 Hz and k = À0.84 for 3 Â 10 À4 Hz ≤f ≤ 0.3 Hz. In addition, based on the creep-fatigue tests on 63Sn37Pb solder, Shi et al. presented a creep-fatigue formulation (Eq. (4)) [5] : [6] , wherein the temperature dependence is incorporated into the coefficient and exponent of the Coffin-Manson equation, respectively.
with
In addition, the creep-fatigue model (Eq. (6)) [7] developed by Engelmaier presents the influence of both temperature and frequency on creep-fatigue, where a logarithmic relationship between temperature and frequency is included.
where T is the mean temperature and f is the cyclic frequency (1 ≤ f ≤ 1000 cycles/day).
Besides temperature and frequency, applied loading also contributes to creep damage. This factor was considered by Wong and Mai, and then they proposed a unified creep-fatigue equation (Eq. (7)) [8] which accommodates temperature, frequency and applied loading.
with s σ ðÞ¼ Overall, the existing creep-fatigue formulations were developed through limited empirical data for specific materials, and not all models accommodate both temperature and frequency dependencies. Consequently these derivations and models may not be extended to predict fatigue life for multiple temperatures, frequencies or different materials, thus cannot present a unified characteristic. Theoretically, the existing models may show the unified characteristic by recalculating the coefficients for each new material encountered. However, this would merely provide a numerical model without a fundamental physical theory. Furthermore such an approach would be poor economy due to the empirical effort involved.
In addition, these existing models only describe creep-fatigue behavior, and cannot cover the full range of conditions from pure fatigue to pure creep. Taking Solomon's equation as an example, the pure-fatigue condition is presented by letting C 1 (T)f β(1 À k) = C 0 . When the extreme frequency is imposed, f!∞, the functions C 1 (T) becomes infinitely small, which causes T!∞.Thisdoesnot agree with the general understanding of pure fatigue, where the temperature should be lower than 35% of the melting temperature [9] . The pure-creep condition is presented by putting ε p =0. This is satisfied by letting C 1 =0, which returns T =172 C. This implies creep-rupture only occur when the temperature closes to melting temperature (186 C for 60Sn40Pb), which does not agree with general understanding that creep is active at much lower temperature [9] .
Furthermore, the existing creep-fatigue equations were derived from the method of curve fitting, where more coefficients were introduced to achieve high quality of fitting to empirical data. When these models are applied to describe creep-fatigue behavior for another material, a large amount of empirical effort is involved to get high fitting accuracy. In this case the outcomes are strongly sensitive to the quality and quantity of empirical data.
Finally, per Section 2, these disadvantages are significant in the case of engineering design, where decisions (such as material selection) must be made on incomplete information. Consequently, the existing methods are often not applicable to practical design process except in narrowly defined areas.
These limitations have been recently improved by the strain-based unified creep-fatigue equation [10, 11] . The next sections describe the advantages of this new model, and present a case study illustrating its applicability to engineering design.
Description of the strain-based unified creep-fatigue equation
The strain-based unified creep-fatigue equation (Eq. (8)) [10, 11] is based on the underlying physical mechanisms of fatigue and creep. It provides a linear relationship between temperature and applied loading, based on the observation of creep-diffusion phenomenon [12] , and it includes a power-law relation between number of cycles and applied loading which is consistent with crack-growth behavior [13] . Structurally, this formulation presents an extension of the Coffin-Manson equation, and the creep effect is numerically incorporated based on the concept of fatigue capacity. This equation includes the variables of temperature, cyclic time and applied loading, and proposes that the full fatigue capacity is gradually consumed by the elevated temperature and prolonged cyclic time. The strain form is:
where ε p is the plastic strain, N is the creep-fatigue life, T is the temperature, t c is the cyclic time, T ref is the reference temperature and is defined as 35% of melting temperature where the creep is active [9] , t ref is the reference cyclic time and is suggested as a small value, C 0 and β 0 are the constants which reflect the full fatigue capacity and c 1 (σ) and c 2 are the creep-related function and constant, respectively.
Function c 1 (σ) and constant c 2 are derived from creep-rupture tests which give the relationship of the Manson-Haferd parameter [14] against applied loading (σ), and the convergence point (logt a , T a ) of all logt-T lines at different stresses. Then, the pure-creep condition (ε p = 0) gives the formula of constant c 2 (Eq. (9)) through letting T = T ref , and suggests function c 1 (σ) (Eq. (10)) through letting t c = t ref .
For the same amplitude of applied loading, the creep damage caused by constant stress is significantly larger than the damage resulting from reversed loading [15] , thus a moderating factor f m is introduced to compress the constant stress, then this presents an equivalent creep damage for the cyclic situation. This moderating factor is determined by the shape of loading wave, and is defined as the ratio of the average level to the peak value of applied cyclic loading. In this case, f m is normally given as 0.6366 for the sinusoidal wave and 0.5 for a triangular wave. Then, with the strain-stress relation, function c 1 (σ) is converted into the form in terms of plastic strain (Eq. (11)):
where K(T, t c ) and n(T, t c ) are the strength coefficient and strain hardening exponent for cyclicloading situation, respectively, and they are functions of temperature and cyclic time.
Finally, creep-fatigue data are applied to obtain the magnitudes of C 0 and β 0 through minimizing the error (Eq. (12)) between the predicted creep-fatigue life (N pre, ij ) and experimental results (N exp, ij ):
Evaluation of creep-fatigue models for design
Next we show that the strain-based unified creep-fatigue equation is applicable to multiple situations, covers the full range of fatigue-to-creep, and provides an economical method for engineering design. Comparing with the existing models, this new model shows significant advantages on these three areas.
The unified characteristic
Generally, the existing creep-fatigue models shown in Section 3 present good ability of fatigue-life prediction in the field where they were derived. However, the accuracy reduces when these models are extended to other materials at multiple temperatures and cyclic times. This limitation is improved by the strain-based creep-fatigue equation, which presents a general formulation based on physical mechanisms of fatigue and creep. Theoretically, the existing creep-fatigue models may also present unified characteristic through recalculating the coefficients for different materials, but the economy becomes poor which is not desired for engineering design.
The unified characteristic for the strain-based unified creep-fatigue equation is validated on multiple materials (including low melting temperature material: 63Sn37Pb solder, and high melting temperature materials: stainless steel 304, Inconel 718 and GP91 casting steel) at multiple temperatures and cyclic times. The coefficients of the unified formulation for these materials are obtained by the method shown in Section 4, and the results are presented below.
63Sn37Pb solder
The coefficients of the unified formulation for 63Sn37Pb solder is shown in Table 1 based on the creep-rupture data [16] and creep-fatigue data [5] . This material was validated in our previous research [11] , but the coefficients are recalculated here since the derivation method was further improved in the present work. 
Stainless steel 304
The coefficients of the unified formulation for stainless steel 304 is shown in Table 2 based on the creep-rupture data [17] and creep-fatigue data [18] .
Inconel 718
The coefficients of the unified formulation for Inconel 718 is shown in Table 3 based on the creep-rupture data [19] and creep-fatigue data [20] .
GP91 casting steel
The coefficients of the unified formulation for GP91 casting steel is shown in Table 4 based on the creep-rupture data [21] and creep-fatigue data [22] .
The validation on the above four materials shows that the strain-based unified creep-fatigue equation has the ability to cover multiple materials and presents good fatigue-life prediction at multiple temperatures and cyclic times. Structurally, Wong and Mai's equation also provides a general form, thus may have chance to present unified characteristic. In particular, the coefficients are not fixed across multiple materials, hence have to be determined in each case. The investigation indicates that Wong and Mai's equation presents smaller average errors on the materials of 63Sn37Pb solder (0.000284), stainless steel (0.002810) and Inconel 718 (0.001585) than the unified formulation. Normally, the equation with more coefficients has better fitting for empirical data. This is the main reason for smaller average error shown by using Wong and Mai's equation. Table 4 . Coefficients of the unified formulation for GP91 casting steel. Table 3 . Coefficients of the unified formulation for Inconel 718.
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Theoretically, the equations of Coffin's, Solomon's, Shi's, Engelmaier's and Jing's may also have opportunity to present the unified characteristic through transforming them into general formulations. For example, Solomon's equation is rewritten as:
where a, b, c, d, k and β 0 are the constants obtained from experiments. Then, this modified formulation gives small errors (such as 0.000529 for 63Sn37Pb and 0.00103 for stainless steel 316), and even present better fatigue-life prediction than the unified formulation at some situations.
However, we cannot conclude that Wong and Mai's equation and those modified formulations are better than the strain-based unified creep-fatigue equation. To be specific, it is significant that Wong and Mai's equation and those modified formulations are introduced as many as coefficients to get good quality of fitting (such as seven independent coefficients for Wong and Mai's equation), thus the representation of creep-fatigue behavior is a numerical-based method and the accuracy highly relies on the number of empirical data. This means that more empirical data gives more accurate prediction, and thus poor economy is presented. However, only two independent coefficients in the unified formulation are derived by curve fitting. This implies less experimental effort is needed, and then a more economical method for fatigue-life prediction is given. This will be discussed in Section 5.3.
Overall, comparing with other existing creep-fatigue models, the strain-based unified creepfatigue equation provides a better method for fatigue-life prediction at multiple situations, wherein the small average errors are given and the unified characteristic is proved.
The integrated characteristic
The integrated characteristic refers to the ability to cover full range of conditions from purefatigue condition to pure-creep condition. According to the concept of fatigue capacity, the full fatigue capacity (the pure-fatigue condition) is continuously consumed by the increasing creep effect to the condition of creep-fatigue, and finally to the pure-creep condition as the fatigue capacity is completely consumed. The comparison between different creep-fatigue models on the integrated characteristic is collected in On the other hand, the condition of pure creep is presented by letting ε p = 0. This condition cannot be satisfied by the equation of Coffin, because the coefficient C and exponent β 0 are constant, which leads to impossible zero time or zero frequency. In addition, for the equation of 
The economy
Engineering design of fatigue-life evaluation always requires good performance on both accuracy and economy [26] . The accuracy has been shown in Section 5.1 and the economy will be discussed in this section, where Wong and Mai's equation is select to compare with the strainbased unified creep-fatigue equation in terms of economy. The results show that the unified formulation provides a more economical method for fatigue-life prediction because the minimum experimental effort is involved.
Normally, the accuracy to predict or fit a distribution (or a trend) by a numerical formulation partly depends on the number of coefficients, which implies that the formulation with more coefficients presents better fitting [27] . However, this factor is not isolated, and is strongly related to the number of data points. Specifically, the more coefficients are introduced, then the more data points are needed to pick up, and then the better fitting can be gotten. This does not mean that a good formulation should contain as many as coefficients because this may lead to redundancy on the empirical effort. Therefore, is very important for deriving a formulation to keep a good balance between accuracy and consumption. In this case, the strain-based unified creep-fatigue equation satisfies this requirement.
As mentioned in Section 5.1, Wong and Mai's equation has seven independent coefficients which are totally obtained through numerical method, but only two independent coefficients are included in the unified formulation. This suggests that more empirical data are needed to give better fitting for Wong & Mai's equation, but this result in poor economy since performing a large number of creep-fatigue experiments is expensive and time-consuming. This significantly is not a good choice for engineering design due to the undesirable high cost. However, when less creep-fatigue tests are involved to control the total cost, the accuracy for fatigue-life prediction remarkably reduces. This limitation is improved by using the strain-based unified creep-fatigue equation, where a better balance between accuracy and economy is given. The comparison between Wong and Mai's equation and the unified formulation on the accuracy of prediction in terms of empirical-data number is shown in Table 6 , where the materials of 63Sn37Pb and stainless steel 304 are investigated.
Taking 63Sn37Pb solder as an example, Table 6 shows that Wong and Mai'se q u a t i o n gives better accuracy on fatigue-life prediction than the unified formulation when all eight groups of creep-fatigue data are imposed, wherein the average errors are 0.000284 for Wong and Mai's equation and 0.003301 for the unified formulation. Then, three groups of creep-fatigue data (T=233 K,t c = 1s ;T=298 K,t c = 10s;T=298 K,t c = 1000s) were selected to extract the coefficients, and the numerical method still yields to quite small errors for fitting. However, when Wong and Mai's equation with the coefficients obtained at this stage is extended to predict fatigue life at total eight creep-fatigue situations, a poor accuracy is given, where the average error dramatically worsens to 0.2445 from 0.000284. This undesirable result is significantly improved by the strain-based unified creep-fatigue equation, wherein the difference between the average errors of fatigue-life prediction under two situations is very small (specifically, 0.003301 for the coefficients obtained from eight groups of creep-fatigue data and 0.00355 for the coefficients obtained from three groups of data). This implies that less creep-fatigue experiments may be involved to obtain the coefficients of the unified formulation, and the accuracy of fatigue-life prediction by using Wong and Mai's equation is more sensitive on the number of empirical data. Consequently, the unified equation provides a more economical method for engineering design because of the reduced number of creep-fatigue experiments. This result is further demonstrated by the material of stainless steel 304, and the average errors under two situations are shown in Table 6 .
Overall, it is clear that the better fatigue-life prediction provided by Wong Table 6 . Accuracy of prediction in terms of empirical-data number.
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unified creep-fatigue equation provides a more practical method of fatigue-life evaluation for engineering design, wherein a good balance between accuracy and economy is achieved.
The research conducted by Manson indicated that the Coffin-Mansion equation can be modified to a universal slops formulation (Eq. (14) ) through introducing the ductility (D) based on the observation of 47 materials [28] : This simplified form provides an easy way to extract the coefficients without any creep-fatigue tests, and only creep-rupture tests are needed. Therefore, a more economical method of fatigue-life prediction is proposed. This formulation could be further modified and improved if more materials are investigated. However, the solder materials are not included in this simplified form because solder materials present quite different material properties from carbon-based materials, where they has more significant deformation at break and higher full fatigue capacity [29, 30] . Therefore, the solder materials should be separately discussed to develop a simplified formulation.
Design application: case study for gas turbine blisk
Evaluation shown in Section 5 indicates that the strain-based unified creep-fatigue equation presents good characteristics on unifying, integration and economy. This provides an effective and efficient creep-fatigue method for engineering design at initial stage, such as material selection, structure optimization and boundary-condition determination. Generally, during the process of design, the coefficients of this unified formulation can be extracted through minimum experimental effort. Then, the coefficients can be applied to numerically evaluate creep-fatigue under service condition. In addition, finite element analysis (FEA) is frequently applied to conduct numerical analysis of creep-fatigue in different engineering components, such as heat exchanger [31, 32] , turbine blade [33] [34] [35] and electronic package [36, 37] . In this case, the coefficients obtained from the unified equation also can be imported into FEA software to reduce the complexity of analysis.
A gas turbine blisk works under high temperature, and experiences repeated starting up and shutting off. This is a typical creep-fatigue situation, where damage is caused by the combination of creep effect and fatigue effect. In this case study, the theory of highly accelerated life test is accepted to make a selection of material. In particular, the strain-based creep-fatigue equation is used to obtain the creep-fatigue-related parameters for the evaluation of creep-fatigue damage.
Methodology for fatigue-based design
This case study is based on the theory of highly accelerated life test, which is used at the initial stage of design to improve the reliability of product, such as the selection of material, the optimization of structure, and the decision of manufacturing processes. Normally, the accelerated life test is done through intensifying the influence of stress-related factors on life. Therefore, the prediction of fatigue life and creep-rupture time in this case study cannot present the real value for the failure at the operation condition, but can provide effective guidance for engineering design, for example, differentiating between different candidate solutions.
Loading characteristics
Generally, the total damage is accumulated by the fatigue damage caused by repeated process of starting up and shutting off, the creep damage due to elevated temperature and the damage results from vibration. Therefore, the creep-fatigue evaluation based on each operational unit is divided into three parts: regular-loading fatigue partition (repeated process of starting up and shutting off), creep partition (elevated temperature) and irregular-loading partition (vibration) (Figure 1) .
The partition which includes vibration is not considered because the amplitude of this irregular-loading is so small that can be ignored. Therefore, this evaluation focuses on the regular-loading partition and creep partition. The fatigue damage is caused by the repeated process of starting up and shutting off, and the maximum loading appears at the 100% rotational velocity. The waveform for the loading is triangular. The cyclic time is arbitrarily Creep defined as 1 s, which is also defined as the reference cyclic time for the strain-based creepfatigue equation. Significantly, this small cyclic time is much smaller than the real situation, where the gas turbine blisk is impossible to start up and then shut off within 1 s. However, the choice of frequency does not influence the result of stress/strain distribution for FEA. In addition, the constant loading for creep damage at elevated temperature is defined as the applied loading at the maximum rotational velocity.
FEA approach
FEA methods such as ANSYS can accommodate creep, fatigue and creep-fatigue but only with data. Normally, FEA-based creep-fatigue evaluation [33, 34, 38] is based on the exploration of creep and fatigue behavior by experiments, where the relationships of creep strain versus time and applied loading versus fatigue life are imported into FEA software as engineering data to simulate creep-fatigue behavior. Then, the simulation is conducted under cyclic loading and elevated temperature. Generally, this is a complex process. This is firstly because the amount of empirical experiment required, especially the need to redo the creep test when the applied loading is changed. In addition, the introduction of a creep effect may result in nonconvergence for FEA, and then the analysis settings may need to be repeatedly modified to get solution convergence. This makes it difficult to apply FEA to early design stages where the creep-fatigue material properties are not yet established empirically.
However, the complexity can be improved through using the strain-based unified creep-fatigue equation (Eq. (8) ). Specifically, this new formulation is used to get the creep-fatigue-related coefficients under the service condition, then these coefficients are introduced into FEA as the engineering data. The key concept is that equation provides a method to transfer the creep effect into the creep-fatigue-related coefficients. Therefore, FEA can be conducted without the need to obtain explicit creep data. This significantly reduces the complexity of simulation. This process of substitution is described below.
The process is that the unified equation gives the creep-fatigue-related coefficients for the candidate materials under consideration. Then, the coefficients were input into ANSYS as engineering data to evaluate fatigue life. The next stage was to take the maximum stress and strain obtained from FEA and substitute into Morrow's equation. This provides another estimate of the fatigue life. Finally, the results obtained by the two methods were compared, and design implications identified. The FEA stress and strain results were also used to evaluate the creep damage using the Manson-Haferd parameter. This gives an estimate of the creep-rupture time for the creep part of the loading. The evaluation was conducted on Inconel 718 and GP91 casting steel, and the ideal material should have good performance on both fatigue and creep.
Selection of material

Geometry
The geometry ( Figure 2 ) of gas turbine blisk was structured by Solidworks [39] , and one of blades was selected to conduct FEA by using ANSYS WORKBENCH. The key dimension is shown in Table 7 .
Service condition
The turbine blisk is working under cyclic loading and elevated temperature, and the service condition is tableted in Table 8 :
Coefficients for creep-fatigue condition and material properties
According to the coefficients of the strain-based unified creep-fatigue equation for the materials of Inconel 718 shown in Table 3 and GP 91 casting steel shown in Table 4 , the fatiguerelated coefficients at 811 K which can be input into ANSYS as engineering data are presented in Table 9 :
In addition, the material properties of Inconel 718 [40] and GP91 casting steel [22] at 811 K are shown in Table 10 :
Loading
The centrifugal force, tangential force and axial force to blades are the main loadings which cause creep-fatigue damage at elevated temperature during the repeated process of starting up and shutting off. The maximum loading is calculated at the situation of 100% rotational velocity. The outlet anger for mean cross section 30 5 The area of mean cross section 3036.45 mm 2 The centrifugal force can be obtained through Eq. (16) [35] :
where F c is the centrifugal force, ρ is the density, A is the area of cross section and ω is the rotational velocity in rad/s. With the rotational velocity (3000 rpm), the magnitude of ω is given by Eq. (17):
Then, the centrifugal force is presented by Eq. (18):
F c ¼ 0:5 Â 8220 Â 0:00303645 Â 314:2 2 Â 0:469 2 À 0:295 2 ÀÁ ¼ 163780:776 N (18)
Tangential force and axial force
The tangential force and axial force are calculated through velocity triangle ( Figure 3) [33], which is a well-accepted method for the force calculation of blade.
The mean cross section is selected to calculate the tangential force and axial force, and the results in velocity triangle are shown in Table 11 .
Then, the tangential force (F t ) is give as (Eqs. (19) and (20)): 
and the axial force (F a ) is presented as (Eqs. (21) and (22)): The finite element analysis is conducted through nonlinear analysis method [34, 35, 38] . The creep-fatigue-related coefficients from Table 9 and the material properties from Table 10 are input into ANSYS WORKBENCH as engineering data. The boundary condition (force) presented in Section 6.2.4 is imposed. Finally, the maximum stress, maximum total strain and fatigue life are given. The results are tabulated in Table 12 , and fatigue-life prediction is shown in Figure 4 for Inconel 718 and Figure 5 for GP91 casting steel.
Predicted fatigue life through Morrow's equation
Based on the stress and strain obtained from FEA, the fatigue life can be calculated through Morrow's equation (non-zero-mean-stress condition) (Eq. (23)) [38, 41] : 
where ε t is the total strain, σ s is the tensile stress, E is the Young's modulus, C 0 is the fatigue ductility coefficient based on ∆ε p À N relation and σ m is the mean stress which is defined as the half of the maximum stress obtained from FEA. A Unified Creep-Fatigue Equation with Application to Engineering Design http://dx.doi.org/10.5772/intechopen.70877 89
Comparing the results
The fatigue damage is evaluated through both FEA and the Morrow's equation, and the results are provided in Table 13 . The error between these two results is given by Eq. (24) .
error ¼ N f ÀMorrow À N f ÀFEA N f ÀFEA Â 100% (24) As shown in Table 13 , the fatigue life obtained through Morrow's equation is higher than the result obtained from FEA. This may be because the influence of mean stress is removed from the second term (plastic strain), and thus reduces the mean-stress effect on fatigue capacity and obtains a longer fatigue-life prediction. The FEA results are more conservative, and most designers would want to proceed with them rather than the Morrow's results.
The evaluation of rupture time due to creep damage
According to the FEA results, the maximum plastic strain (0.005406 for Inconel 718 and 0.02498 for GP91 casting steel) can be obtained, and it could then be transformed to stress (445.4 MPa for Inconel 718 and 314.9 MPa for GP91 casting steel) by the stress-strain relation ( Table 9 ). Finally, the stress is used to get the rupture time through the Manson-Haferd parameter (P MH ) obtained during the process of extracting the coefficients of the unified formulation. The results are shown in Table 14 .
The design decision
The evaluation of fatigue damage (fatigue partition) and creep damage (creep partition) is collected in Table 15 . The results indicate that Inconel 718 has better fatigue and creep capacity than GP91 casting steel. Therefore, Inconel 718 would be recommended as the material to take forward into the next stages of design. In safety critical situations, it would still be prudent to conduct the empirical creep-fatigue tests to validate the selection. However, it will be appreciated that conducting such tests for one material for the purposes of validation is more efficient than conducting the same tests for all candidate materials-some of which will not be taken forward.
Materials
FEA-based results
Morrow-based results Error
Inconel 718 2350 cycles to failure 2440 cycles to failure 3.83% GP91 casting steel 327 cycles to failure 348 cycles to failure 6.42% 
Limitation
The strain-based unified creep-fatigue equation was developed for the situation of zero-holdtime cyclic loading. In this case, fatigue makes more contribution than creep on failure [42] , because total time is too small to produce remarkable creep damage. However, for the cyclic loading with hold time, the creep effect gradually intensifies as the hold time increases. Then, creep damage makes more contribution and the failure finally occurs due to a creep effect. Therefore, at the situation with short hold time, the unified formulation may still present a reasonable prediction of fatigue life, but the accuracy of this prediction may become worse when the hold time is prolonged.
Conclusion
The unified creep-fatigue equation (Eq. (8)) presents an effective and efficient method for engineering design. The advantages of this equation are:
